The cytolytic T-lymphocyte (CTL) response to respiratory infection with equine herpesvirus 1 (EHV-1
T cells by treatment with antibody and complement prior to assay eliminated CTL activity from both primary and memory populations, indicating that cytolytic activity in this model was mediated by class I major histocompatibility complex-restricted, CD8
؉ T cells. A single i.n. inoculation with KyA induced protective immunity against infection with the pathogenic EHV-1 strain, RacL11. The adoptive transfer of splenocytes from KyA-immune donors into sublethally irradiated recipients resulted in a greater than 250-fold reduction in RacL11 in the lung. The elimination of both CD4
؉ and CD8 ؉ T cells from the transferred cells abrogated clearance of RacL11, while the selective depletion of either subpopulation alone had little effect. These results suggested that both lymphocyte subpopulations contribute to viral clearance, with either subpopulation alone being sufficient.
Equine herpesvirus 1 (EHV-1) is a prevalent respiratory pathogen of horses worldwide (8, 17, 38) . Infection of horses with EHV-1 results in fever, respiratory distress, abortagenic disease, and severe neurological sequelae (3, 13, 27, 35, 36) . The highly contagious respiratory transmission of EHV-1 has resulted in disastrous outbreaks of disease in domestic horse populations and has had a significant economic impact on the equine industry. EHV-1 infection of the horse results in the generation of a short-lived humoral response but does not confer long-term protection, as disease often occurs following natural infection (10, 22) . Although both live and inactivated vaccines are currently available for EHV-1, only relatively short-lived protection has been observed (11, 12, 24) . Furthermore, it is not clear which immune functions are responsible for conferring the short-lived protection following vaccination. In addition to specific antibody responses, peripheral blood leukocytes from vaccinated horses produce gamma interferon in culture (19) . EHV-1-specific, CD8
ϩ class I major histocompatibility complex (MHC)-restricted cytotoxic T lymphocytes (CTL) have been identified in peripheral blood mononuclear cells, reaching maximal levels 2 to 3 weeks postinfection (p.i.) (4, 20) . However, the effectiveness of the current vaccines in stimulating EHV-1-specific CTL and their role in protective immunity in vivo are currently not known.
Horses inoculated with the attenuated EHV-1 strain Kentucky A (KyA) exhibited a reduction in clinical signs following challenge with a pathogenic EHV-1 strain (33, 34) . Although the attenuated strain induced a protective response, in terms of a reduced duration of viral shedding and viremia, the ability of this strain to induce an EHV-1-specific antibody response was weaker than that of the virulent strain. This finding suggested that immune functions other than the generation of specific antibodies might be critical in the resolution of infection. To generate a more effective EHV-1 vaccine, a better understanding of the precise immune functions associated with protection and resolution from EHV-1 infection is essential.
A murine model of respiratory EHV-1 infection which closely mimicked EHV-1 infection in the natural host was established in various strains of mice (5) . Common features included replication in the respiratory mucosae, the development of pneumonitis, cell-associated viremia, and abortion (5, 6) . Specific immune responses are important for modulating infection. In the mouse, the passive transfer of hyperimmune polyclonal rabbit EHV-1-specific antibodies into infected mice significantly reduced the viremia following challenge with live EHV-1 (5) . Subsequent studies demonstrated that various EHV-1 glycoproteins, including gB, gC, gD and gH, were capable of inducing the generation of neutralizing antibodies (9, 23, 40, 49, 52, 56) . Furthermore, inoculation of mice with gB, gC, and/or gD elicited a protective response against subsequent challenge with pathogenic EHV-1 (39, 49, 50, 52, 56) . However, each of these EHV-1 gene products is capable of eliciting both B-and T-cell responses; thus, the role of distinct immune functions conferring protection is not clearly defined.
In the most extensively studied BALB/c mouse model of EHV-1 infection, adoptive transfer experiments demonstrated that immune spleen cells isolated from mice primed with live, but not heat-killed, EHV-1 reduced viral levels in both the lungs and nasal turbinates of infected recipient mice (5) . Although the specific cell population responsible for protection was not determined, the data suggested that cell-mediated immune functions may be critical in the resolution of EHV-1 infection. The adoptive transfer of defined T-cell subpopulations demonstrated that both CD4 ϩ and CD8 ϩ T cells play a role in controlling EHV-1 respiratory infection. The CD8 T-cell subpopulation appeared to play a more dominant role, although the functions by which protection was mediated were not defined (7) . If the immune response was elicited by immunization with recombinant baculovirus-derived EHV-1 glycoproteins, the response was altered so that CD4 ϩ T cells were predominantly associated with protection (52) . Thus, either T-cell subpopulation is likely to play an important role in the optimal response to infection.
While adoptive transfer studies have implicated an important role for CD8 ϩ T cells in the control of EHV-1 infection in the lungs of BALB/c mice (7), there has been no direct assessment of CD8 ϩ T-cell effector functions in this model. This is due predominantly to the lack of suitable class I MHC-compatible, H-2 d -expressing murine cells that are susceptible to infection with EHV-1. However, the attenuated KyA strain of EHV-1 has been propagated in our laboratory in suspension cultures of murine L-M fibroblasts that express the H-2 k haplotype. Therefore, an alternative mouse model, using mice expressing the H-2 k haplotype, was adopted principally to assess the activation of EHV-1-specific CTL responses. Initial studies by Awan et al. (5) demonstrated that CBA (H-2 k ) mice were susceptible to infection with EHV-1 strain Ab4. In the present study, CBA mice were susceptible to respiratory tract infection by both the nonpathogenic KyA and the pathogenic RacL11 strains of EHV-1. Furthermore, infection of CBA mice with the attenuated KyA strain generated a vigorous CD8 ϩ , class I MHC-restricted, EHV-1-specific primary CTL response in the draining mediastinal lymph nodes (MLN) and a long-term memory CTL response in the spleen. These studies provide the basis for a model system to analyze the potential importance of class I MHC-restricted CTL activity in controlling EHV-1 infection in vivo.
MATERIALS AND METHODS
Virus and cell culture. The Kentucky A KyA strain was propagated in suspension cultures of L-M mouse fibroblasts as previously described (41) . EHV-1 strain RacL11, a kind gift of Anton Mayr, Institute for Medical Microbiology, Infectious and Epidemic Diseases, Ludwig-Maximilian-University, Munich, Germany, was grown in NBL6 equine dermal cells (American Type Culture Collection). Titers of both viruses were determined on rabbit kidney cells (ATCC RK-13). L-M, NBL6, and RK cell lines were maintained at 37°C in Eagle's minimal essential medium supplemented with penicillin (100 U per ml), streptomycin (100 g per ml), nonessential amino acids, and 5% fetal calf serum (FCS). For suspension cultures, L-M fibroblasts were maintained at 37°C in Eagle's minimal essential medium supplemented with yeast extract-lactalbumin hydrolysate-peptone, antibiotics, and 5% FCS (41) . Mice. Female CBA (H-2 k ) mice, 3 to 6 weeks of age, were obtained from Harlan Sprague Dawley, Indianapolis, Ind., or Jackson Laboratory Bar Harbor, Maine. Mice were maintained in the Animal Resource Facility of the Louisiana State University Medical Center, Shreveport, in cages equipped with filter tops. All mice were rested for a minimum of 1 week prior to use.
Infection and assessment of CTL activity. Mice were anesthetized with Halothane (Sigma Chemical Co., St. Louis, Mo.) and inoculated intranasally (i.n.) with 2 ϫ 10 6 PFU of EHV-1 KyA in a volume of 50 l. To assess primary CTL responses, lymphocytes were isolated from the MLN or superficial cervical lymph nodes (CLN) 5 days postinoculation, and a single-cell suspension was obtained by pressing the lymphoid tissues through a 60-gauge wire mesh screen. The lymphocytes were washed and cultured (10 7 cells per well) for 3 days at 37°C and 5% CO 2 in 12-well flat-bottom plates (Corning Inc., Corning, N.Y.) in complete RPMI 1640 (Sigma) containing 5% FCS, 20 M ␤-mercaptoethanol, 20 mM HEPES, 2 mM L-glutamine, and antibiotics. To assess memory CTL responses, mice were infected as described above and maintained for 2 to 26 weeks. Spleen cell suspensions were generated as described above except for a brief exposure at 37°C to Tris-buffered 0.83% NH 4 Cl to lyse erythrocytes. The resulting lymphocytes were cultured (10 7 cells per well) in complete RPMI 1640 at 37°C and 5% CO 2 , for 5 days in 12-well flat-bottom plates in the presence of 3 ϫ 10 5 mitomycin C-treated, EHV-1 KyA-infected L-M cells (28) . Stimulator cells were infected (EHV-1 KyA, multiplicity of infection of 10 for 18 h) to allow the expression of late viral gene products (38) . Cytolytic activity was assessed in a standard 4-h 51 Cr release assay in 96-well V-bottom plates (Nunc, Denmark) to allow analysis of a range of effector-to-target ratios against 10 4 51 Cr-labeled, infected or uninfected target cells. The percentage of specific lysis was determined by using the formula [(A Ϫ B)/(C Ϫ B)] ϫ 100, where A is 51 Cr released by target cells incubated with effector cells (experimental release), B is 51 Cr released from targets incubated in medium alone (spontaneous release), and C is 51 Cr released from targets incubated in 3% acetic acid (maximum release). Each effector-to-target ratio was assayed in triplicate. The spontaneous release never exceeded 20%, and the variability between the values of specific lysis of triplicate cultures did not exceed 5%.
Adoptive transfer of lymphocytes. Donor immune lymphocytes were obtained from the spleens of mice infected with EHV-1 KyA 2 weeks previously. The lymphocytes were processed, restimulated in vitro for 5 days, and resuspended in RPMI 1640 without FCS at a concentration of 8 ϫ 10 7 cells/ml. Recipient mice were given a sublethal dose of 500 cGy of total-body ␥ irradiation and infected i.n. 1 h later with 1.5 ϫ 10 6 PFU of EHV-1 RacL11. One to two hours following infection, recipients received 2 ϫ 10 7 immune lymphocytes via tail vein injection. Control animals received 2 ϫ 10 7 nonimmune splenocytes from uninfected mice. Four days following transfer, the lungs were removed, and the titer of infectious EHV-1 RacL11 was determined.
Selective depletion of T-lymphocyte subpopulations. To identify the functional T-lymphocyte subpopulation(s) in the in vitro cytolytic assays and the in vivo protection assays, cultured lymphocytes were first subjected to two rounds of antibody-dependent, complemented-mediated depletion (21) . CD4 ϩ T cells were depleted with monoclonal antibody (MAb) RL-172 (rat immunoglobulin M [IgM] [15] ) and rabbit complement (Low-Tox M; Accurate Scientific, Westbury, N.Y.). CD8 ϩ T cells were depleted with the MAb 3.155 (rat IgM [45] ) and complement. Depleted populations were resuspended in the original volume to avoid increasing the concentration of the remaining T cells. The efficacy of depletion was determined by subsequent staining with fluorescein isothiocyanate-conjugated anti-CD4 (GK1.5, rat IgG2b [55] ) or phycoerythrin-conjugated anti-CD8 (CT-CD8b, rat IgG2a; Caltag Laboratories, Burlingame, Calif.). Flow cytometric analysis was performed with a Profile II analyzer (Coulter, Hialeah, Fla.).
Statistical analysis. The significance of differences in virus recovery from immunized mice or from recipients of immune donor cells and the appropriate control groups was determined by Student's two-tailed t test (Mann-Whitney analysis of variance).
RESULTS
Infection of CBA mice with EHV-1. To assess the susceptibility of CBA mice to infection with EHV-1, groups of animals were infected in the respiratory tract with 2 ϫ 10 6 PFU of KyA or 1.5 ϫ 10 6 RacL11 by i.n. inoculation, and the titers of infectious virus were determined at different times p.i. The results (Fig. 1 ) demonstrated that the levels of both EHV-1 strains were highest at 2 days p.i. and steadily declined thereafter to undetectable levels by day 6. Histological examination of infected lungs revealed that inflammatory infiltration was evident by day 3 p.i., with substantial consolidation involving up to 30% of the lungs by day 5 of infection for KyA and greater than 50% of the lungs for RacL11 (data not shown). In some experiments, mice infected with RacL11 died 6 to 7 days FIG. 1. Kinetics of EHV-1 and RacL11 growth in the lungs of CBA mice. CBA mice were infected i.n. with 2 ϫ 10 6 PFU of KyA or 1.5 ϫ 10 6 PFU of RacL11 and on days 2 through 6; the lungs were removed and homogenized in a 3-ml tissue grinder. The amount of infectious EHV-1 was determined by standard plaque titration on RK monolayers as described in Materials and Methods. Each dot represents the log PFU per lung determined from a single mouse. The horizontal bars represent the mean log PFU per experimental group.
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CTL RESPONSE TO EHV-1 IN MICE 5367 p.i., while no animals died following KyA infection. Lung consolidation was most severe when virus titers were at their lowest, suggesting that severe pneumonia was independent of virus levels in the lung. Assessment of EHV-1-specific cytolytic activity during primary EHV-1 infection. CBA mice were infected i.n. with 2 ϫ 10 6 PFU of KyA, and on day 5 p.i. the CLN draining the nasal turbinates and the MLN draining the lungs were removed and cultured for 3 days to allow cytolytic activity to develop, as demonstrated previously for other herpesviruses (14, 28, 42, 47) . The results (Fig. 2) demonstrated that EHV-1-specific CTL were present in the MLN by day 3 p.i., peaked by day 5, and diminished by day 7. In contrast, little or no cytolytic activity was detected in the CLN at any time during infection. This finding suggested that EHV-1-specific CTL activity, elicited by the avirulent KyA strain, was compartmentalized primarily to the MLN draining the lung, even though there was an increase in cellularity in the CLN draining the nasal turbinates, the initial site of virus replication (5) (data not shown).
EHV-1-specific CTL activity is mediated by CD8 ؉ T cells. The phenotype of the MLN-resident T-cell subpopulation mediating cytolytic activity was assessed by selective depletion prior to assay. MLN lymphocytes were obtained 5 days p.i. with KyA, cultured for 3 days in vitro, and depleted by treatment with MAb specific for murine CD4 or CD8␣ in the presence of complement. Depletion of CD4 ϩ T cells had no effect on the cytolytic activity observed, while the elimination of CD8 ϩ lymphocytes from this population abrogated EHV-1-specific CTL (Fig. 3) . These results indicated that the cytolytic activity is mediated exclusively by CD8 ϩ , class I MHC-restricted T cells, although the formal demonstration of class I MHC restriction was not possible due to the lack of allogeneic murine cell lines susceptible to infection with EHV-1.
Determination of EHV-1-specific memory CTL activity.
To determine whether EHV-1-specific memory CTL activity was established following infection, splenocytes from mice infected with strain KyA at 6, 16, and 26 weeks previously were restimulated for 5 days in vitro with mitomycin C-treated, EHV-1-infected L-M cells. The results demonstrated that EHV-1 infection generated a virus-specific memory CTL response that was detected at all time points (Fig. 4) . Importantly, a vigorous CTL response was recalled as late as 26 weeks following a single i.n. inoculation of the candidate vaccine strain, KyA (Fig. 4) . As with the primary CTL response, depletion of the CD8 ϩ T-cell subpopulation eliminated the cytolytic activity, while depletion of CD4 ϩ T cells was without effect (Fig. 4) , indicating that the cytolytic activity recalled by antigenic stimulation in vitro was also mediated by class I MHC-restricted, CD8 ϩ T cells. These results demonstrated that in addition to the generation of long-lived antibody (16) and CD4 ϩ T-cell (56) responses, the attenuated KyA strain also generated a long-lived CD8 ϩ T-cell response. Therefore, the candidate vaccine strain has the ability to elicit all components of the acquired immune response that are likely to be involved in controlling viral infections.
Adoptive transfer of protection by EHV-1-specific, restimulated memory lymphocytes expressing cytolytic function. Infection of BALB/c mice with the nonpathogenic EHV-1 strain KyA results in long-term protection against challenge with pathogenic EHV-1 strain RacL11 (16) . The present study confirmed that a similar protective response was elicited in the CBA mouse model. Mice infected with strain KyA were protected against infection with strain RacL11, compared to agematched control mice, as demonstrated by reduced viral titers and faster clearance from the lungs (Fig. 5) . Since viral clearance has been associated with the presence of EHV-1-specific antibody and T-cell responses, the contribution of the EHV-1-specific CD8 ϩ T cells was determined. To achieve this, donor mice were immunized by the i.n. route with 2 ϫ 10 6 PFU of
Cytolytic activity in the MLN and CLN. CBA mice were infected intranasally with 2 ϫ 10 6 PFU of KyA. On days 3, 5, and 7 p.i., the MLN and CLN were removed, a single-cell suspension was obtained, and the resulting LN cells were cultured for 3 days as described in Materials and Methods. Cytolytic activity was measured in a standard 4-h 51 Cr release assay using mock-infected (‚) or KyA-infected (}) L-M fibroblasts as targets. Each effector-to-target (E:T) ratio was assayed in triplicate. The spontaneous release never exceeded 20%, and the variability between the values of specific lysis of triplicate cultures did not exceed 5%.
FIG. 3. Abrogation of primary CTL activity by depletion of CD8
ϩ T lymphocytes in vitro. MLN were removed 5 days after i.n. infection with 2 ϫ 10 6 PFU of KyA, and a single-cell suspension was obtained and cultured as described in Materials and Methods. The resulting lymphocytes were either nondepleted or depleted of CD4 ϩ or CD8 ϩ T lymphocytes with specific antibody plus complement immediately prior to assay as described in Materials and Methods. Flow cytometric analyses of depleted cell populations revealed that the efficacy of CD4 and CD8 depletion was greater than 99%. Cytolytic activity was measured in a standard 4-h 51 Cr release assay using mock-infected (‚) or KyA-infected (}) L-M fibroblasts as targets. Each effector-to-target (E:T) ratio was assayed in triplicate. The spontaneous release never exceeded 20%, and the variability between the values of specific lysis of triplicate cultures did not exceed 5%.
KyA. Two weeks following immunization, the spleens were removed and the splenocytes were restimulated in vitro for 5 days. The donor cells, expressing high levels of EHV-1-specific CTL activity, were selectively depleted of CD4 ϩ and/or CD8 ϩ T cells immediately prior to transfer into irradiated recipient mice infected 1 h previously with 1.5 ϫ 10 6 PFU of pathogenic RacL11. It was found that 2 ϫ 10 7 immune donor cells, treated with complement alone, reduced markedly (Ͼ250-fold) the levels of RacL11 recovered from the lungs 4 days posttransfer compared to recipients of nonimmune donor cells (Fig. 6) . In contrast, depletion of both CD4 ϩ and CD8 ϩ T cells abrogated completely the protective capabilities of the transferred cells (Fig. 6) . Surprisingly, depletion of either CD4 ϩ or CD8 ϩ T cells alone had no effect on the levels of conferred protection (Fig. 6) , suggesting that either each subpopulation alone was protective or mechanisms independent of CD4 ϩ and CD8 ϩ T cells were also present in the cultures and were responsible for viral clearance. These results indicated that while T cells activated in vitro are capable of reducing EHV-1 RacL11 in the lungs of challenged mice, either T-cell subpopulation, independently, was sufficient for the transfer of protection.
DISCUSSION

It has long been recognized that class I MHC-restricted, CD8
ϩ T cells play an important role in controlling acute and chronic viral infections (46, 57, 58) . Their ability to recognize viral peptides presented in association with class I MHC gives them a central role in surveillance for infected cells. In experimental murine models of infection with the prototypical alphaherpesvirus, herpes simplex virus type 1, a role for both class I MHC-restricted, CD8
ϩ T cells and class II MHC-restricted, CD4
ϩ T cells has been demonstrated (reviewed in reference 46). The relative importance of either subpopulation is highly dependent on the site of infection, but both subpopulations appear to be necessary for the optimal response to infection (46) . Studies of a variety of viral infections of the
FIG. 4. Memory CD8
ϩ CTL isolated from the spleen following KyA infection. CBA mice were infected i.n. with 2 ϫ 10 6 PFU of KyA and at 6 weeks (A), 16 weeks (B), and 26 weeks (C) p.i., the spleens were removed and a single-cell suspension was obtained as described in Materials and Methods; 10 7 splenocytes/ well were restimulated for 5 days in vitro in the presence of 3 ϫ 10 5 KyAinfected, mitomycin C-treated L-M fibroblasts as stimulators. Following in vitro restimulation, cytolytic activity was measured in a standard 4-h 51 Cr release assay using mock-infected (‚) or KyA-infected (}) L-M fibroblasts as targets. Splenocytes isolated from CBA mice infected 4 weeks prior (D) were either nondepleted and tested against mock-infected (‚) or KyA-infected (}) targets or depleted of CD4 ϩ (s) or CD8 ϩ (F) T cells by specific antibody and complement treatment immediately prior to cytolytic assay against KyA-infected targets. Lysis of mock-infected targets by depleted populations never exceeded that observed by nondepleted splenocytes (data not shown). In all panels, each effector-totarget (E:T) ratio was assayed in triplicate. The spontaneous release never exceeded 20%, and the variability between the values of specific lysis of triplicate cultures did not exceed 5%. FIG. 5. Inoculation i.n. with the attenuated KyA strain is protective against subsequent challenge with the pathogenic EHV-1 strain RacL11. Groups of CBA mice were either uninfected (F) or infected i.n. with 2 ϫ 10 6 PFU of KyA (E). Two weeks following KyA infection, both groups of mice were infected i.n. with 1.5 ϫ 10 6 PFU of RacL11. On days 2 and 4 postchallenge, the lungs were removed and homogenized, and the amount of infectious EHV-1 was determined by standard plaque titration as previously described. Each dot represents the log PFU per lung determined from a single mouse. The horizontal bars represent the mean log PFU per experimental group.
FIG. 6.
Adoptive transfer of immune lymphocytes into RacL11-infected, irradiated recipient CBA mice. Immune lymphocytes for transfer were isolated from the spleens of donor mice inoculated 2 weeks previously with 2 ϫ 10 6 PFU of KyA. Donor lymphocytes were restimulated in vitro for 5 days in the presence of 3 ϫ 10 5 KyA-infected, mitomycin C-treated L-M fibroblast stimulators. On the day of transfer, recipient mice were given 500 cGy of total-body ␥ irradiation and were infected i.n. with 1.5 ϫ 10 6 PFU of RacL11. Immune donor lymphocytes were either left untreated, depleted in vitro of CD4 ϩ or CD8 ϩ T cells, or depleted of both CD4 ϩ and CD8 ϩ T cells immediately prior to transfer. Following in vitro depletion, the remaining cells were transferred in a volume of 0.25 ml to recipient mice via tail vein injection. Control mice received 2 ϫ 10 7 nonimmune (Non-Imm) splenocytes. The amount of infectious EHV-1 was determined by standard plaque titration on RK monolayers as described in Materials and Methods. Each dot represents the log PFU per lung determined from a single mouse. The horizontal bars represent the mean log PFU per experimental group.
VOL. 72, 1998 CTL RESPONSE TO EHV-1 IN MICE 5369
on August 28, 2017 by guest http://jvi.asm.org/ respiratory tract have suggested a crucial role for CD8 ϩ CTL in recovery from acute infection and protection against reinfection (1, 18, 29, 31, 44, 51) . It is likely that this T-cell subpopulation plays a role in the immune response to EHV-1 infection in the natural equine host, because EHV-1-specific, class I MHC-restricted, CD8 ϩ T cells have been isolated from the peripheral blood of infected animals (4) and infiltrate in high numbers into the infected lung (30) . In the mouse model of EHV-1 infection, a role for CD8 ϩ T cells in controlling infection in the lung was demonstrated by adoptive transfer studies (7). However, no functional studies of this T-cell subpopulation in the mouse have been reported.
In the present study, the primary and memory CD8 ϩ CTL responses to EHV-1 respiratory tract infection in a susceptible mouse strain were evaluated. It was demonstrated that upper respiratory tract infection by the i.n. inoculation of CBA mice with the attenuated EHV-1 KyA strain resulted in the generation of cytolytic effectors in the draining MLN during the acute phase of infection. Kinetic analysis of the response revealed that CTL activity in the draining MLN peaked at 5 days p.i. and declined thereafter. This pattern is similar to the response to other acute viral infections (28, 32, 48) and corresponded well with the kinetics of viral clearance from the lungs. Moreover, EHV-1 infection in the lung resulted in longlived memory EHV-1-specific CTL activity in the spleen, which could be detected in infected mice at 26 weeks postimmunization by stimulating resting memory CTL precursors with EHV-1-infected stimulator cells in culture. In conjunction with the findings of previous studies of the immune response to EHV-1 in mice (2, 7, 16, 37, 49, 52, 56) , the demonstration of class I MHC-restricted, EHV-1-specific CTL indicated that all of the components of the acquired immune response identified during the natural infection in equines have their counterpart in the mouse model.
While EHV-1-specific CTL activity was readily detected in the MLN, relatively little CTL activity was detected in the CLN at any time during infection. This was surprising, since the CLN drains the nasal turbinate region, where EHV-1 is known to replicate (5) . Therefore, the CTL response to EHV-1 was compartmentalized to the LN draining the lung, which is the major site of infection. Compartmentalization of CTL effector function associated with respiratory viral infections has been described elsewhere (25, 26) . Although EHV-1 replicates to slightly lower levels in the nasal turbinates than in the lungs, the kinetics of EHV-1 growth and clearance from the tissue is almost identical to that observed in the lungs (5) . Therefore, lack of CTL activity due to a variation in the duration and extent of antigenic stimulation is an unlikely explanation for the CTL compartmentalization. Furthermore, flow cytometric analyses of lymphoid cell populations isolated at 5 days p.i. revealed little difference in the percentage of CD8 ϩ cells in the CLN and MLN. Routinely, the percentage of CD8 ϩ T cells in both lymphoid sites ranged from 22 to 25%.
It is possible that EHV-1-specific CTL are present in the CLN but at frequencies too low to be detected in the assay used. An important component of this assay is the target cell. Subsequent studies have shown that the L-M cell line used in these assays has reduced expression of H-2D k (unpublished observation). Because this class I MHC molecule may be an important restriction element for EHV-1-specific CTL in CBA mice, the lower levels of its expression would hinder the detection of that component of the response restricted to H-2D k . However, our recent studies using an L2 mouse fibroblast that expresses both the H-2D k and the H-2K k molecules support the observation that significant differences in the CTL response occur in the MLN versus the CLN in EHV-1-infected CBA mice.
The demonstration of EHV-1-specific CTL activity in mice identifies a potential weapon in the arsenal of responses directed against infection but does not directly implicate this subpopulation in controlling infection. While recent studies of influenza virus infection of mice have clearly implicated cytolytic mechanisms as essential for eradication of virus from the lung (53) , direct evidence of cytolytic activity as the principal mechanism against other respiratory pathogens is lacking. Adoptive transfer of restimulated spleen cell cultures expressing high levels of cytolytic function resulted in an approximate 250-fold reduction of infectious RacL11 in the lungs of irradiated, infected recipient mice. The depletion of both CD4 ϩ and CD8 ϩ T cells abrogated totally the ability of the transferred cells to mediate viral clearance. Interestingly, the selective depletion of either T-cell subpopulation alone had little effect. These results suggested that either CD4 ϩ or CD8 ϩ T cells alone, or other, as yet undefined components remaining in the activated spleen cell population, were able to mediate the functions responsible for clearance of RacL11 from the lung. These results also clearly indicated that EHV-1-specific CD4 ϩ T cells were also restimulated in culture, presumably by the processing and presentation of virion components or infectedcell components by antigen-presenting cells present in the spleen. The ability of CD4 ϩ T cells to mediate protection against viral pathogens in the absence of CD8 ϩ T cells has been observed previously (26, 43, 48) . Although the functions employed by CD4 ϩ T cells in this model have not yet been evaluated, the production of cytokine such as gamma interferon (48) is a likely mechanism. It is clear, however, that CD8 ϩ T cells mediate their function through direct interaction with infected cells in the lung (25) , while CD4 ϩ T cells may be effective by more indirect interactions (54) . Future studies will address which effector functions, whether cytolytic or cytokine mediated, are important for optimal viral clearance.
Although the adoptive transfer experiments do not conclusively establish a role for the CD8 ϩ T-cell subpopulation in controlling EHV-1 infection in the mouse, other evidence does support this contention. First, CD8
ϩ T cells isolated from the spleens of EHV-1-infected BALB/c mice and adoptively transferred into recipient animals without further antigenic stimulation are more effective than CD4 ϩ T cells in controlling respiratory infection (7) . Second, analysis of the infiltrating cells isolated from the lungs of EHV-1-infected CBA mice showed a high proportion of CD8 ϩ T cells in the infiltrate relative to other lymphocyte subpopulations. These cells, when isolated directly from the lung, express cytolytic function against EHV-1-infected target cells (47a), suggesting they express direct cytolytic function in situ.
The results described here and elsewhere (16, 56) indicate that the attenuated EHV-1 strain KyA is able to induce a long-term protective response against challenge with pathogenic EHV-1 RacL11 in the murine model. This protection was shown to be associated with elevated levels of EHV-1-specific antibody and CD4 ϩ T-cell responses, and the present study has demonstrated for the first time that a component of the response is cytolytic activity mediated by EHV-1-specific CD8 ϩ T lymphocytes. The ability to generate and measure cytolytic activity and to transfer immune protection to naive recipients should provide a valuable model to determine the precise functions associated with protection and recovery from respiratory EHV-1 infection. In addition, this model will be invaluable in determining if specific EHV-1 proteins are capable of eliciting a protective response without the inflammatory immunopathology commonly associated with viral infection of the lung. Although the identification of viral components that generate EHV-1-specific CTL in CBA mice will not be directly applicable to the equine infection, basic information of this type may be important for the design and engineering of a recombinant KyA vaccine. In this regard, initial experiments indicate that the sole immediate-early protein and the novel IR6 protein that is made in large quantities throughout infection are EHV-1 proteins that serve as CTL targets and thus should be considered in the design of candidate vaccine viruses.
